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A PROFOSED ILE4 DESCENT TRAJECTIORY AND FUEL EUDGET

TNTRODUCTION

The identification of desirable fealures of the LE] powered dascent
maneuver and the process of understanding the systems required to enable
such a maneuver has progressed rapidly since the lunar orbit rendezvous
approach was adopted for Apollo. The concept of a three-phase descent
as proposed in reference 1 now appears to be accepted although further
refinements of the described trade-offs between operationzlly desirable
features and guidance and/or other system optimum performance still
continues and probably will continue to some degree until the actval
mission date is closely approached. More recently, the improved under-
standing of the descent has been evidenced by the adoption of a Delta V
or fuel budget (reference 2) and a fairly detailed sequence of events
as part of the AMPTF effort (reference 3). Additional understanding of
the descent maneuver requirements has been gained by the G&C Division
through analysis and piloted simulation studies (references 4, 5, &nd 6).
The results of these studies provides the basis for significant refine-
ments to be made to both the descent trajectory and 1o the fuel budget.
It is the purpose of this paper to describe these reflinements and to
explain their importance to the LEM descent.

FROPOSED NOMINAL DESCENT TRAJECTORY
Phase I

The three phases of a proposed LEJ ncminal descent trzjectory arc
described by the time histories presented by figure 1 (a, b, and c).
Phase I (or Braking Phase as proposed in reference 7) is essentially the
same as the corresponding phase from AMFTE Review draflt (reference 3).

E@gse 1L

Phase IT (or Landing Approach Phace) (figure 1 (b)) is also quite
similar to the corresponding phase of reference 3 through most of thatl
descent; the significant difference being in the specified end conditions.
The end conditions proposed are 700 feet of altitude, forward velocity of
60 ft/sec and vertical velocity of 15 ft/sec, as cconpared to 200 Te=t of
altitude and 10 ft/sec forward velocity from reference 3. The significant
advantzge of the change proposed is that the transition from a pitched-
back attitude to an attitude close to the veriical occurs at a higher alti-
tude and thus allows the pilot a much improved view of the landing arca
earlier than afforded by the trajectory of reference 3. It is believed
that an altitude of 200 feet (reference 3) is much too low for the Tairly
radical attitude transition bsiween FPhase II and Phase III. MIT, in
their descriptions of this transition, have stated that 200 feetl is not
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firmly recommended but that opzrationzl considerations m=y resul
g2lecting a higher altitude. Landing apprea 1

ch si n studie
éucted by the Guidance and Control Division (reference 5) rave
guzlitative comparison betueen the wwo-type trajectories =2nd the yro-
ros2d trejectory, though not necessarily considerced a Tinal ensuwer, wis
judged to be superior. Several hundred simulated landing approaches
h

reference studies.
Phase IIT

The proposed time history of Phase III (or Final Approach Fhase) is
shown in figure 1(c) and an altitude range profile is shown in figure 2.
The significant feature of this phase is a continuvation of the flight path
angle established during Phase IT flown at an attitude close to vertical.
This approach attitude will afford the pilot the best available window
view of the landing area and being close to the landing attitude pro-
vides a good reference platform to Jjudge the landing situations. 'The
velocities during this phase are gradually decreased until the landing
site is reached and just prior to this point, a flare is mede to 2llow
the final 50 to 100 feet of altitude to be covered in escentially s
vertical descent., Because the noninal {louchdam point is close to ths
extrapolated flight path intersection with the lunar surface, the pilot
line-of-sight to the landing site during the latter porticn of Fhzse II
rewains well within the available window and landing site visibility
should be excellent until the final Tlare is parformed.

Ralationship of Phase ITI {rajecetory to docd-man curven
r ] J X

A fairly important consideration ir. the design of the final epproach
to the lunar surface is the relationship to so-called dead-ran's curves.
These curves define the combination of altitude, vertical velocity, and
slaging time for which an abort is not feasible because the ascent enginz

cannot arrest the vertical descent prior to the LEM hitting the surface.
Pead-man's curves for various staging times are shown on figure 3. These

curves do not include any opzraticnal consideration Tor the amount by
wvhich the surface should be cleared to avoid descent engine debris. Th
figure also includes a plot of the altitude-veriiczl velocity reletions
of both the proposed trajectory and that of the AMPTF Draft. Assuming
that a total staging time (recognizing the failure, iniliating stzzing
action and accomplishing staging) of 4 scconds is reascnable, it appesrs
that the AMPTF trajectory is uncomforiably close to the dead-ran's curve
alnost continuously. The provosed trajectory does stzy within ihe pro-
par boundary for most of the final descent but it is aprersnt that any
arvroach trajectory must violate the curve (although lhe tire so exposad

dces not have 1o be long) Just prior to touchdown.

hip



- 3 -

Tnvact upon guidance wechanization

The propesad nowinel descent trajectery is bzlieved to impose no
nev hardships uvon the guidance or control recharization. TYhase I
represents no change., The change in end conditions of Thase IT should
be easily accomodzted by the guidance sysiew. Fhase III, although
longer in duration than the corresponding phase of reference 3, presents
a comparatively simple tacsk of programing end should not burden the system.

PROPOSED LEM DESCENT FUEL BUDCET

Proposed Nominal Trajectory Requirements

The characteristic velocity requirements of the three-phase tra-
jectory proposed above and the AMPIT Draft Review are as follows:

Proposed AMPTF
Phase I 5024 5005
Phase II 950 1050
Phase III 455 336
Total 6lzg 6301

The small difference in the Fhase I nuibzers are attributed to slight
differcnce in end conditions and computational approach. Fhase II of
the AMPTF Draft required 100 ft/sec more than the epproach proposed but
this is priwvarily duz to the different end cocaditions. This difference
is alwmost reversed Tor Phase ITI where the propccad trajecltory takes avout
119 ft/sec nore than ths AMFTF. The imporicat result is that for precticzal
purposes the total fuel requirement is essentially the same and minor
changes in assumption could account for any diffcrences indicated.

Contingency fuel requirements

The nominal trajectory fuel requirem=nts as described above, are
close to a theoretical minimum for the operational constraints inherent
in the three-phase descent approach. From a rractical slandpoint, it is
necessary then to allow for both anticipated and unanticipated contingen-
cies and also for identifiable features of the aprroach trajectory not
described by the noninal profiles. Anticipatled contingencies and the fuel
allotted are as follows:

Off nominzl guidznce performance (Phase I and II) 50 ft/sec
Off nominal descent propulsion (A11 phzses) 75 fi/sec

M ternate site selection (Phase II) 120 ft/sec
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Landing poini inspzciion (Phase III1) 100 fi/sec
Fuel. depletion nargin (Fnase TI1) 15 Ti/sec
Total 120 ft/cec

The off-nominal guidance performance allowance provides for errors

in attaining desired initial condition at the start of powered descent
and errors attributable to inertial system drift during the powerad
descent., Thz magnitude does not reflect a rigorous solution of the off-
nominal performance but rather a conservative guess based upon expected
system performance. The off-nominal descent propulsion allottment rep-

esents a 1 percent error allowance. The allottment for alternate land-

ing site selection provides for about a 5000 feet change in landing site
position to be made at an altitude of 5000 feet. Reference 4 shows this
takes approximately 100 ft/sec, however, this is considered a conservative
figure as a latter analysis presented in figure 4 shows that considerably
more range may be obtained using the LEM primary guidance if it is not
constrained by attitude or thrust level limitations. The remaining 20 ft/sec
allows a subsequent refinement to be wmade as the landing site is approachad.
The landing point inspection allottment provides for about 20 seconds of
hovering time to allow a detailed look at the site prior to final descent.
This allowance could also provide for a slight dog leg in approaching the
landing sile in the event that a side perspective of the site was desired

in addition to the psrspective afforded by a straight in approach. The

fuel depletion margin (about 15 seconds) is justified because the crew
vould be unwilling for the fuvel remaining indicator to closely aprrcach
an absolute fuel depletion mark., This margin would probably bz ruch grealer
if there is rot an accurate fuzl quantily gavgz availatle to the rilot.

For unanticipated contingencies, it is believed that 2ho ft/sec (atzut
45 seconds of hover) is a2 reasonably conservative allottment. At one time
in the LEM tank sizing rzquirements, there was an implication that two
minutes of hover tims was provided. This however, was to provide for many
of the contingencies listad above and also was quite widely mincoanstrued
to mean a hover capsbility after reaching the landing site. 1In fact, how-
ever, it was essociated with a hover at an altitude of 1000 feect and a con-
servative letdown from that altitude would easily have expended l% minutag
of the 2 minutes of hover fuel. Thus, the 45 seconds of hover contingency
allotted in the present proposal is considered conservative.

In actual practice, it is expected that considerable additionzl
flexibility in choosing an alternate landing site exists during Fhase IIT
vithout large fuel costs. This flexibility should be present becnuze Llhc
pilot can choose to wanewser the LEM with larger atiitude changes than
that ascumed in ths ncniral trejeclory and can safely choose to zlter the
velocity schadule with which he translates over the surface in aprroach-
ing a landing site. An example case from the vork of reference 1 shows
that a range extension of about 3000 feet can be eaccorplished at a cost
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of only k2 ft/scc if thz pilot is free to mansuver with altitude devia-
tions froa the vertical of +30 degrees. Reference 1 acsumes a Phese IIT
descent Trom 1000 feet of altitude but the range extension capability is
gualitatively applicable to the present proposed trajeclory.

Influence upon LM fuel budget

The present LFM descent fuel budget totals 7385. Tne tctal of the
nominal trajectory resguirements and the contingencies listed above is
7207 fi/sec. In addition, allottment of 5 fi/sec for scparation from the
CSM, 98 ft/sec for the Hohwann transfer maneuver and 15 ft/sec for the
rotation of the moon is necessary. The total budget allottment is des-
cribed in Table 1. There remains a difference of 178 ft/sec of fuel
for which a requirement has not been identified. While there will cer-
tainly be a reluctance to reduce the fuel budget of the LEM, it is
believed that the budget should reflect a logically derived set of
requirements. With the present unfavorable LEM weight situation, it
appears that a rather significant weight reduction can probably be mzade.

CONCLUDIIG REMARKS

The foregoing propoesals for e LEM nominal descent trajeclory and a
Ikl descent engine fuel tudget are bascd upon experience gained by inde-
pendent study by the Guidance eand Control Division coupled with knowledge
of the work of MIT and GABEC (including AMFTF). Tt is recomiended that
the changes proposed be carefully considzred by other M50 organizationzal
elements and endorszd &s appropriate,
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TARLE I

Proposed L2 Descent Pus) Bac:

Off-nominal guidance performance (Phase I and IT)

Of{-nominal descent propulsion (all phases)

Alternate site selection (Phase II )

Landing point inspzetion (Phase TIT)

Fuel Dapletion Mzrgin (Fhase IIT)

Unonticiyated Continzencies

5024
950
455

50
75
120
1.00
75
2Lo

1207
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